INTRODUCTION
============

Recently, much research has focused on the biology of dendritic cells (DCs) and their possible clinical use as cellular adjuvants in treating patients with chronic tumors ([@B1]). The generation of an optimal immune response often requires the presence of CD4^+^ T helper cells as well as the expression of T cell-specific antigen on antigen-presenting cells (APCs) ([@B2]). As potent APCs, DCs possess immune sentinel properties which enable, the induction of primary immune responses and initiation of T cell responses against microbial pathogens and tumors ([@B3],[@B4]). Immature DCs capture and process exogenous agents within the peripheral tissues in which they mature. Maturing DCs then migrate to the lymphoid organs where they stimulate naïve T cells by signaling through the major histocompatibility complex (MHC) and co-stimulatory molecules ([@B5]). The maturation and differentiation of DCs require activation via phosphorylation of the mitogen-activated protein kinases (MAPK), including extracellular signal regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38, as well as the transcription nuclear factor-κB (NF-κB) ([@B6]). DCs can also induce proliferation and generation of specific cytotoxic T lymphocyte (CTL) and helper T cells via stimulation of MHC class I and II antigen presentation ([@B7]). Interestingly, nonspecific DC stimulators, including bacterial outer membrane protein A (OmpA), can induce DC-mediated MHC class I-primed specific CTL responses. OmpA-pulsed DCs also induce protective antitumor responses *in vivo* ([@B8]).

In a tumor-bearing host, DCs present tumor peptides in association with MHC class I and II molecules to stimulate specific CD4^+^ and CD8^+^ T cell responses ([@B9]). Moreover, apoptotic tumor cells and tumor lysates (TP) provide DCs with a comprehensive source of tumor antigens that are used to cross-prime effector T cells ([@B10]-[@B12]). Formation of TP such as apoptotic tumor bodies in situ is generally thought to result from spontaneous tumor cell death or the activity of cytotoxic effector T cells ([@B13],[@B14]). Recently, new approaches to tumor immunotherapy have focused on the enhancement of effector T cell responses by the activation of innate immune cells through their receptors. Among others, receptor agonists ([@B8],[@B15]) have been utilized to obtain such results. Pathogen recognition receptors such as the Toll-like receptors (TLR) have been the primary targets of DC activation ([@B16],[@B17]). Indeed, they have already been used as immunotherapeutic agents in treating cancer patients ([@B18]). TLR agonists stimulate DC inflammatory cytokine production, including interleukin (IL)-12, thereby activating interferon (IFN)-γ-secreting Th1 cells, natural killer cells, and CD8^+^ CTL ([@B19]). Generally, most TLR agonists promote Th1 cells ([@B20]). We and others have also demonstrated that certain pathogen-derived molecules that enhance IL-12 and inhibit IL-10 production by DCs also promote the induction of IFN-γ-secreting T cells ([@B21],[@B22]).

Deoxypodophyllotoxin (DPT) is an active component and major lignan of the traditional plant *Anthriscus sylvestris*. DPT also known exhibits exert antitumor ([@B23]) and antiviral activities ([@B24]). Until now, the cellular targets of DPT in the immune system have remained unknown. We have attempted to characterize the effects of DPT on the maturation and functional properties of murine bone marrow (BM)-derived DCs. Additionally, their functional effects on DC-mediated T cell immunity and antitumor activity were investigated.

MATERIALS AND METHODS
=====================

Animals and cell line
---------------------

Male 6\~8 week-old C57BL/6 (H-2K^b^ and I-A^b^) and BALB/c (H-2K^d^ and I-A^d^) mice were purchased from the Korean Institute of Chemistry Technology (Daejeon, Korea). C.Cg-Tg (DO11.10, H-2^d^, OT-II) mice carrying the MHC class II-restricted rearranged T cell and C57BL/6-Tg (TcraTcrb, H-2^b^, OT-1) mice containing transgenic inserts for mouse Tcra-V2 and Tcrb-V5 genes, which encode recognition of OVA~257-267~ were purchased from the Jackson Laboratory (Bar Harbor, ME). The mice were housed in a pathogen-free environment within our animal facility for at least 1 week before use and were used in accordance with the institutional guidelines for animal care. C57BL/6-derived tumor cell lines, F10 sublines of B16 melanoma, were obtained from the Korean Cell Line Bank (Seoul, Korea). B16F10 melanoma cells were cultured in Dulbecco\'s modified Eagle\'s medium supplemented with 2 mM L-glutamine, 1,000 U/ml Penicillin, 50 µg/ml streptomycin, and 10% fetal bovine serum (FBS). Cells were maintained at 37℃ in 5% CO~2~. Confluent growth was obtained in 100 mm diameter dishes and cells were routinely passaged every 2 days.

Isolation of deoxypodophyllotoxin
---------------------------------

DPT was isolated from the dried roots of Anthriscus sylvestris as described by Jin et al. ([@B25]). Briefly, whole compounds from the roots of *Anthriscus sylvestris* were extracting by ethanol extraction and target compound (DPT, mp 166\~167℃, \[α\]~D~^23^-110° (c=1.0, CHCl~3~)) was extracted by HPLC. The purity of this compound was above 99.5% based on HPLC analysis. The DPT used in this study ran as a single spot on thin layer chromatography and a solution was prepared by dissolving pure DPT in dimethyl sulfoxide (DMSO) diluted with DMEM media. DPT was dissolved in DMSO for further study. The final concentrations of DMSO were adjusted to 0.1% (v/v) in the culture media.

Reagents and Antibodies
-----------------------

Recombinant mouse (rm) GM-CSF and rmIL-4 were purchased from R&D Systems. Dextran-FITC (molecular mass 40,000), and LPS (from *Escherichia coli* 055:B5) were obtained from Sigma-Aldrich. An endotoxin filter (END-X) and endotoxin removal resin (END-X B15) were acquired from Associates of Cape Cod. Cytokine ELISA kits for murine IL-12 p70, IL-2, IL-4, IL-10, and IFN-γ were purchased from BD PharMingen. FITC- or PE-conjugated monoclonal antibodies (mAbs) used for flow cytometry to detect CD11c (HL3), CD80 (16-10A1), CD86 (GL1), CD40 (1C10), IA^b^ β-chain (AF-120.1), H2K^b^ (AF6-88.5), CD4 (L3T4), IL-12 p40/p70 (C15.6), and IL-10 (JESS-16E3), as well as isotype-matched control mAbs and biotinylated anti-CD11c (N418) mAb, were purchased from BD PharMingen. To detect protein levels by western blotting, anti-phospho-ERK, anti-ERK, anti-phospho-p38, and anti-p38 were purchased from Cell Signaling. Anti-p65 Ab was from Abcam.

Generation and culture of DCs
-----------------------------

DCs were generated from murine whole bone marrow (BM) cells. Briefly, BM was flushed from the tibiae and femurs of C57BL/6 and BALB/c mice and depleted red cells with ammonium chloride. The cells were plated in 6-well culture plates (10^6^ cells/ml, 3 ml/well) and cultured at 37℃ in 5% CO~2~ and OptiMEM (Invitrogen Life Technologies) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin, 5×10^-5^ M β-mercaptoethanol, 10 mM HEPES (pH 7.4), 20 ng/ml rmGM-CSF, and rmIL-4. On day 3 of culture, floating cells were gently removed and fresh medium was added. On day 6 or 7, nonadherent cells and loosely adherent proliferating DC aggregates were harvested for analysis or stimulation, or in some experiments, replated into 60 mm dishes (10^6^ cells/ml, 5 ml/dish). On day 6, 80% or more of the nonadherent cells expressed CD11c. To obtain highly purified populations for subsequent analyses, the DCs were labeled with bead-conjugated anti-CD11c mAb (Miltenyi Biotec) followed by positive selection on paramagnetic columns (LS columns, Miltenyi Biotec) according to the manufacturer\'s instructions. The purity of the selected cell fraction was \>95%.

Stimulation of DCs by DPT and B16-TP
------------------------------------

DPT and B16F10-tumor lysates (B16-TP) were dissolved in culture media and were added to cultures of isolated DCs in six-well plates (10^6^ cells/ml, 2 ml/well). For the analysis of apoptosis, DCs were stimulated with DPT in media or media alone, and apoptosis was analyzed over time by staining of surface-exposed phosphatidylserine with FITC-annexin V and propidium iodine (BD PharMingen kit).

Flow cytometry
--------------

On day 6, BM-DCs were harvested, washed with PBS, and resuspended in fluorescence activated cell sorter (FACS) washing buffer (2% FBS and 0.1% sodium azide in PBS). The cells were blocked with 10% (v/v) normal goat serum for 15 min at 4℃, and stained with phycoerythrin (PE)-conjugated anti- H-2K^b^ \[major histocompatibility complex (MHC) class I\], anti-I-A^b^ (MHC class II), anti-CD40, anti-TLR4, anti-CD80, and anti-CD86 with fluorescein isothiocyanate (FITC)-conjugated anti-CD11c (PharMingen, San Diego, CA) for 30 min at 4℃. The stained cells were analyzed using a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA).

Quantitation of antigen uptake
------------------------------

In brief, 2×10^5^ cells were equilibrated at 37℃ or 4℃ for 45 min and pulsed with fluorescein-conjugated dextran (40,000 molecular mass, Sigma-Aldrich) at a concentration of 1 mg/ml. Cold staining buffer was added to stop the reaction. The cells were washed 3 times and stained with PE-conjugated anti-CD11c Abs, and then analyzed with the FACSCalibur. Nonspecific binding of dextran to DCs was determined by incubation of DCs with FITC-conjugated dextran at 4℃ to obtain a background level. The medium used in the cultures with DPT stimulation was supplemented with GM-CSF, which is required for DCs to capture antigen.

Cytokine assays
---------------

Cells were blocked with 10% (v/v) normal goat serum for 15 min at 4℃, and stained with FITC-conjugated CD11c^+^ antibody for 30 min at 4℃. Cells stained with the appropriate isotype-matched Ig were used as negative controls. The cells were fixed and permeabilized with the Cytofix/Cytoperm kit (PharMingen). Intracellular IL-12p40/p70 and IL-10 were detected with fluorescein R-PE-conjugated antibodies (Phar-Mingen) in permeation buffer. The cells were analyzed on a FACSCalibur flow cytometer with the CellQuest program. The presence of murine IL-12p70, IL-2, IL-4, and IFN-γ was measured using an ELISA kit (R&D Systems).

T cell proliferation and cytokine production by syngeneic MLR
-------------------------------------------------------------

Responder CD8^+^ T cells recognizing OVA~257-264~ were isolated from the spleens of C57BL/6-Tg (TcraTcrb, H-2^b^, OT-1) mice via a MACS column (Miltenyi Biotec, Gladbach, Germany). CD8^+^ T cells were labeled with bead-conjugated anti-CD8 mAb (Miltenyi Biotec) followed by positive selection on paramagnetic columns. The lymphocyte population (98% of CD8^+^ T cells) was then washed twice in PBS and labeled with carboxyfluorescein succinimidyl ester (CFSE), as previously described ([@B26]). Stimulator DCs (1×10^4^) derived from C57BL/6 mice were exposed to DPT (100 nM) or LPS (200 ng) for 24 h, washed thoroughly, and co-cultured with 1×10^5^ CFSE-labeled T cells in 96-well U-bottom plates for another 3 days. The cells were harvested and washed in PBS. CFSE dilution was assessed by flow cytometry. A negative control (CD8^+^ T cells in media alone), a specific antigen control (1 µM OVA~257-264~) and a positive control (CD8^+^ T cells in 200 ng/ml LPS) were created for each experiment. CD4^+^ splenic T cells (2×10^6^/ml) form DO11.10 mice were co-cultured with (2×10^5^/ml) BALB/c DCs in 96-well U-bottom plates for 24 h in the presence or absence of 100 nM DPT. To all experimental groups except the specific antigen control, 1 µM OVA~323-339~ peptide was added. Cytokine profiles, e.g., IFN-γ (Th1) and IL-4 (Th2) were analyzed by flow cytometry. Supernatants from these cultures were collected after 2 days and analyzed by ELISA.

Nuclear and cytoplasmic extracts and western blot
-------------------------------------------------

The cells were exposed to LPS (200 ng) or 100 nM DPT. Following 15, 30, and 45 min incubation at 37℃, cells were washed twice with cold PBS and lysed with modified RIPA buffer (1.0% NP-40, 1.0% sodium deoxycholate, 150 nM NaCl, 10 mM Tris-HCl \[pH 7.5\], 5.0 mM sodium pyrophosphate, 1.0 mM NaVO~4~, 5.0 mM NaF, 10 mM/ml leupeptin, and 0.1 mM phenylmethylsulfonyl fluoride) for 15 min at 4℃. Lysates were cleared by centrifuging at 14,000×g for 20 min at 4℃. The protein content of cell lysates was determined using the Micro BCA assay kit (Pierce, Rockford, IL). Equivalent amounts of proteins were separated by 10% or 12% SDS-PAGE and analyzed by western blotting using anti-phospho- ERK1/2 (p-ERK, Cell Signaling, MA) or anti-phospho-p38 (p-p38, Cell Signaling, MA) MAPK mAb for 3 h. Following 3 washes with Tris buffered saline with Tween (TBST), membranes were incubated with secondary horse radish peroxidase (HRP)-conjugated anti-mouse IgG for 2 h. After washing, the blots were developed using the enhanced chemiluminescence ([@B27]) system (Amersham). DC nuclear extracts were prepared using NE-PER nuclear and cytoplasmic extraction reagents (Pierce, Rockford, IL). NF-κB p-p65 subunits in the nuclear extracts were detected by western blot analysis with an anti- NF-κB p-p65 subunit Ab (p-p65, Abcam, UK).

Evaluation of gene expression by real-time PCR
----------------------------------------------

TLR PCR primers included the following: TLR1, 2, 4, 5, and 6. Quantitative amounts of each gene were standardized against the GAPDH housekeeping gene. Real-time PCR was performed using a BioRad MiniOpticon System (BioRad Laboratories, Ltd) with SYBR green. Reactions were performed in a total volume of 20µl-including 10µl 2x SYBR Green PCR Master Mix (Applied Biosystems), 1µl of each primer at 10µM concentration and 1µl of the reverse-transcribed cDNA template. The cycling protocols was as follows: denaturation (95℃ for 10 min), amplification repeated 40 times (95℃ for 30 s, 52℃ for 30 s, 72℃ for 30 s, and acquisition temperature for 15 s). For each sample, ddCt (crossing point) values were calculated as the Ct of the target gene minus the Ct of the GAPDH gene. Gene expression was derived according to the equation 2^-dd*Ct*^; changes in gene expression were expressed in relation to the basal level.

Migration of DCs *in vivo*
--------------------------

CD11c bead-purified DCs were labeled with CFSE, according to the manufacturer\'s instructions. Thereafter, 1×10^6^ untreated, B16-TP-DCs, DTP-DCs were injected subcutaneously into one hind footpad of normal syngeneic recipients (C57BL/6). Popliteal lymph nodes were removed 24 h after DCs injection, the optimal time described by Abe et al. ([@B28]). Ipsilateral inguinal LN were also removed and served as negative controls. LN cells were analyzed by flow cytometry. The number of DCs migrating to draining (D) LN was determined as follows; percent green fluorescent cells in DLN×total number of cells recovered from DLN/number of DCs injected.

Tumor lysate pulsing
--------------------

B16-TP were prepared as previously described ([@B14]). B16F10 melanoma cells were resuspended in extraction buffer containing 0.01 M/L Tris-HCl (pH 7.2) and 0.2 mM/L CaCl~2~ (10 ml per gram of tumor cells) and homogenized for 3 min on ice using a Silverson homogenizer. Cell extracts were harvested by centrifugation at 1,000×g for 5 min to remove cellular debris. For tumor lysate pulsing 5 to 10×10^6^ DCs were pulsed with B16-TP at a ratio 3:1 (three tumor cell lysates per dendritic cells) in OptiMEM (Invitrogen Life Technologies) supplemented with 10% FBS, 20 ng/ml rmGM-CSF, and rmIL-4 at 37℃ overnight.

Treatment of established tumors
-------------------------------

C57BL/6 mice (ten each group) were subcutaneously. injected in their right flank with 1×10^6^ viable B16F10 tumor cells. Mice were monitored daily for tumor progression or regression. Mice were subcutaneously vaccinated with 1×10^6^ DCs with medium, B16-TP pulsing, and DPT treated DCs, respectively. The tumor length (L) and width (W) was measured at different time points and tumor volume was determined by L×W^2^/2.

Cytotoxic assay of CTL
----------------------

Splenic lymphocytes were isolated form killed tumor implanted mice 5 days after the last injection in each DC vaccination groups. The lymphocytes were co-cultured with inactivated B16F10 cells (treated by 100 µg/ml) mitomycin for 30 min for 7 day in the presence of recombinant IL-2 (20 U/ml) and then collected as CTL effector cells. CTL activity was determined by lactate dehydrogenase (LDH) release assay with a CytoTox96 Non-Radioactive Cytotoxicity Assay Kit (Promega). The target cells (B16F10) were washed 3 times with RPMI-1640 containing 10% FBS to remove LDH derived from lysed cells. The amount of released LDH was detected in an ELISA reader at a wavelength of 490 nm.

Cytokine release assay
----------------------

Non-adherent splenocytes derived from tumor implanted mice 7 days after their final injection were washed with twice with PBS. The splenic lymphocytes (2×10^6^ cells/ml) were stimulated with inactivated B16F10 cells at a 10:1 ratio. Supernatants were collected for IL-2 and IFN-γ assays. Cytokines were quantified with an ELISA kit (R&D systems).

Statistical analysis
--------------------

Results are presented as the means±standard deviation (SD). Data were analyzed by one-way analysis of variance (ANOVA) followed by Duncan\'s post hoc test using SPSS version 11.0 (SPSS, Inc., Chicago, IL). Throughout the figures and legends the following terminology is used to denote statistical significance: ^\*\*^p\<0.01, ^\*^p\<0.05.

RESULTS
=======

Purification and characterization of DPT
----------------------------------------

DPT was purified from the root of *Anthriscus sylvestris* ([Fig. 1A](#F1){ref-type="fig"}). To assess its cytotoxicity in DCs, cells were treated with various DPT concentrations for 24 h. No marked differences in the percentage of dead cells, as defined by CD11c and Annexin V/propidium iodide staining ([Fig. 1B](#F1){ref-type="fig"}), was observed. However, we found weak dead cells percentage of dendritic cells over 200 nM of DPT treatment (less than 6% of dead cells). Therefore, we decided to use the concentration at less than 100 nM in the following experiments.

DPT induced the maturation of murine bone marrow-derived DCs
------------------------------------------------------------

Initially, we sought to determine the effects of DPT on the maturation of sentinel DCs into effector DCs. Bone marrow-derived DCs were cultured for six days in medium supplemented with 20 ng/ml each of granulocyte macrophage colony-stimulating factor and IL-4. Different concentrations of DPT were added on day 6 and lipopolysaccharide (LPS) was used as a positive control. We investigated the effects of a range of DPT concentrations on DC maturation. Bone marrow-derived DCs were cultured for 24 h in the presence of 0 to 100 nM DPT as described in Materials and Methods. The DC populations were subsequently analyzed by flow cytometry for expression of cell surface molecules involved in CTL activation, namely the B7 family markers CD80 and CD86, as well as MHC class I and II. Expression of these molecules on DCs increased in response to DPT treatment in a dose-dependent manner ([Fig. 2A](#F2){ref-type="fig"}) and was similar to the response to LPS treatment. In contrast, untreated DCs retained an immature phenotype. Immature DCs are efficient at capturing antigen and undergoing endocytosis. To investigate whether DPT modulates the ability of DCs to perform andtigen endocytosis, dextran uptake was analyzed. Uptake was significantly lower in DPT- and LPS-treated DCs than in untreated immature DCs ([Fig. 2B](#F2){ref-type="fig"}), indicating a decrease in antigen endocytosis by the treated cells.

DPT induces IL-12 secretion but not IL-10 production during DC maturation
-------------------------------------------------------------------------

Previous reports have suggested that DCs, as well as macrophages and monocytes, function as sources of pro-inflammatory molecules ([@B29]). In addition, CD4^+^ T lymphocytes differentiate into varying subsets of effector cells, including Th1 and Th2 cells. The potent factors driving Th1 and Th2 differentiation are IL-12, which is secreted by DCs, and IL-4, which is secreted by T cells ([@B30]). We assessed the ability of DCs to produce pro-inflammatory cytokines such as IL-12 and IL-10. IL-12 secretion is a marker for DCs activity and maturation and can be used to promote Th1 cells and induce IFN-γ production. IL-12 is also a maturation factor for CTL ([@B31]). The secretion of bioactive IL-12 p70 requires the coordinated expression of two subunits, p35 and p40, which are encoded by two independently regulation ([@B32]). We analyzed the production of both intracellular IL-12 p40/p70 and bioactive IL-12 p70 in DCs treated with increasing concentrations of DPT. As shown in [Fig. 3A](#F3){ref-type="fig"}, DCs stimulated with 100nM DPT induced large amounts of IL-12 p40/p70 (29.6±1.6%), whereas IL-10 was only marginally detected above control levels (3.8±0.1%). When supernatants were analyzed by ELISA, IL-10 was not detected above baseline levels 24 h after stimulation with 100 nM DPT. In contrast, ELISA analysis revealed high levels of IL-12 p70 upon stimulation of DCs with DPT (248.1±12.07 pg/ml with DPT versus 96.8±12.8 pg/ml with medium alone) for 24 h ([Fig. 3B](#F3){ref-type="fig"}). These results indicate that DPT exposure induced the DCs to generate large amounts of IL-12 p70 and, by implication, other pro-inflammatory cytokines. These findings also suggest that DPT can induce functional maturation of DCs, which can lead to a DC-mediated Th1 immune response and/or CTL activity.

DPT-induced DC maturation involves TLR4, MAPK, and NF-κB activation
-------------------------------------------------------------------

MAPK activation is important for DC maturation ([@B33]). LPS stimulation affects the activation of these signaling pathways in DCs. [Fig. 3C](#F3){ref-type="fig"} shows LPS activation via phosphorylation of p38 and ERK1/2. In order to characterize the effects of DPT on the phosphorylation of these MAPK in DCs, we treated immature DCs with 100 nM DPT. We observed a marked increase in phosphorylation of each kinase. Total ERK1/2 protein was expressed constitutively ([Fig. 3C](#F3){ref-type="fig"}). Studies have also reported other signaling pathways involved in DC maturation, including the NF-κB pathway ([@B21],[@B34]). To characterize the role of NF-κB translocation more precisely, we stimulated immature DCs with DPT, then prepared nuclear extracts and evaluated the presence of the NF-κB p65 subunit by western blot. As before, LPS treatment was used as a positive control, and found to enhance nuclear translocation of p65 within 60 min of exposure. Similarly, pretreatment of DCs with 100 nM DPT resulted in p65 nuclear translocation ([Fig. 3C](#F3){ref-type="fig"}). One group of membrane receptors shown to play a key role in the innate immune system and DC activation are the Toll-like receptors (TLR) ([@B35]). TLRs are responsible for activating many signaling molecules, including MAPK, NF-κB, and IFN regulatory factors ([@B36],[@B37]). For example, TLR signaling in DCs causes upregulation of CD80, CD86, and CD40, as well as induction of IL-12 and IFN-γ, all of which act to drive Th1 and CD8^+^ T cell activation. Therefore, we proceeded to determine whether DPT led to TLR activation during DC maturation. As seen in [Fig. 3D and E](#F3){ref-type="fig"}, we performed quantitative real-time PCR and antibody staining of TLR4 after stimulation by LPS and DPT. Pretreatment of cells with DPT increased TLR4 expression 1.64-fold, whereas other TLR receptors remained at near undetectable levels.

DPT-treated DCs enhance CD8^+^ T cell proliferation and differentiation to a Th1 phenotype
------------------------------------------------------------------------------------------

Increased expression of B7 family members along with MHC I and II in DCs promotes their interaction with and activation of T cells. We investigated whether DPT-treated DCs stimulate proliferation of CD8^+^ T cells in a syngeneic mixed lymphocyte reaction. DPT-treated DCs derived from wild-type mice stimulated proliferation of T cells derived from OT-1 Tg mice. As shown in [Fig. 4A](#F4){ref-type="fig"}, DCs treated with DPT or LPS exhibited significantly greater proliferation rates than those of the control cells. In fact, the stimulatory effect of DPT was similar to activation by LPS. To determine whether DPT exerts any effect on CD8^+^ T cell activation, we treated DCs with DPT for 24 h. ELISA analysis of culture supernatants revealed that the amount of IL-2 produced by CD8^+^ T cells increased following DPT treatment ([Fig. 4D](#F4){ref-type="fig"}). Because DCs are also capable of inducing the polarization of naïve T cells, we evaluated the ability of DPT-activated DCs to induce a Th1 phenotype from naïve CD4^+^ T cells. CD4^+^ splenic T cells from DO11.10 Tg mice were co-cultured with DPT-treated DCs derived from wild-type mice in the presence of 1 µM OVA~323-339~ peptide. ELISA analysis showed that IFN-γ, but not IL-4, secretion increased in response to DPT ([Fig. 4B and C](#F4){ref-type="fig"}). These results suggest that DPT directs CD4^+^ T cell differentiation towards a Th1 phenotype by inducing IL-12 production.

DPT induces DCs migration by increasing CCR7 expression
-------------------------------------------------------

Following effector stimulation, DCs undergo functional maturation, enter the afferent lymph system, and interact with naïve T cells in order to prime the T cell response ([@B38]). Maturation and activation result in changes in the migratory behavior of DCs as a result of altered expression of chemotaxis-related molecules such as CCR7, which is upregulated, and CCR3, which is downregulated ([@B39]). We investigated the expression of these chemokine receptors in DPT-treated DCs. LPS was used as a positive control as previous studies have shown that LPS can induce DC maturation via CCR7 upregulation. DCs were treated with DPT for 12 h, after which quantitative real-time PCR was performed to assess CCR3 and CCR7 expression. CCR7 mRNA levels were upregulated whereas CCR3 mRNA was downregulated in DPT-treated DCs ([Fig. 5A and B](#F5){ref-type="fig"}). We next investigated the ability of B16 tumor lysate-pulsed (B16-TP)-DCs and DPT-treated DCs to migrate to draining lymph nodes (DLN) after subcutaneous injection. Both were labeled with CFSE immediately after overnight culture in the presence of B16-TP or DPT, followed by subcutaneous injection into the hind footpads of syngeneic C57BL/6 mice. After 24 h, popliteal DLN were removed and cells were analyzed by flow cytometry to determine the percentage of CFSE positive cells ([Fig. 5C](#F5){ref-type="fig"}). Interestingly, significantly more DPT-treated DCs migrated to the DLNs than untreated DCs and B16-TP-DCs. These results indicate that DPT-treated DCs induce migratory effects *in vitro* and *in vivo*.

DPT-treated DCs enhance the therapeutic efficacy of DC-based immunization against tumors
----------------------------------------------------------------------------------------

We first examined whether DPT-treated DCs could enhance immune priming in mice implanted with an established tumor, B16F10 melanoma. As shown in [Fig. 6A](#F6){ref-type="fig"}, mice that received B16-TP-DCs alone showed 40% protection from tumor challenge and survived over 80 days. Immunization with DPT-treated DCs resulted in additional protection from tumor challenge; 80% of these mice survived over time. To determine the therapeutic potential of immunization with DPT-DCs, tumor rejection was assessed in mice implanted with an established B16F10 melanoma. After 28 days, mice that received B16-TP-DCs showed a partial reduction in tumor size (mean=1,325 mm^3^±372; p\<0.001) compared to mice receiving HBSS (mean=2,575 mm^3^±733) ([Fig. 6B](#F6){ref-type="fig"}, 28 days). Interestingly, tumors in mice that received DPT-treated DCs were significantly smaller than those that received B16-TP-DCs. These findings indicate that DPT can enhance immunization efficacy to protect mice from lethal challenge by the tumor.

DPT-treated DCs enhance priming of specific CTL activity and production of IFN-γ
--------------------------------------------------------------------------------

DPT-treated DCs induce both increased survival rate and reduction of tumor size in mice in comparison to B16-TP-DCs challenge alone ([Fig. 6](#F6){ref-type="fig"}). DPT-treated DCs therefore increase the antitumor response through enhancement of CTL activity and Th1 immunity. Thus, to determine their effect on host T cell responses, IFN-γ production and CTL activity were analyzed. Lymphocytes isolated from tumor-implanted mice from different groups were co-cultured with mitomycin-inactivated B16F10 cells for 7 days in the presence of IL-2, after which CTL cells were collected. B16F10 melanoma cells were used as target cells. CTL activity was determined using a lactate dehydrogenase release assay at effector: target ratios of 10:1, 25:1, and 50:1. Splenic CTL activity of cells harvested from DPT-treated DCs-injected mice (50:1 ratio=34.1%±2.07 (p\<0.001)) was greater than in cells from mice injected with only B16-TP-DCs (50:1 ratio=23.5%±1.26 (p\<0.001) ([Fig. 6C](#F6){ref-type="fig"}). To determine whether DPT-treated DCs enhance Th1 cytokine production following intratumoral treatment, IFN-γ and IL-2 secretion from splenocytes derived from tumor-implanted mice were analyzed by ELISA 7 days post-injection. Production of IFN-γ and IL-2 from lymphocytes derived from mice injected with DPT-treated DCs was significantly higher than that from B16-TP-DCs ([Fig. 6D and E](#F6){ref-type="fig"}). Moreover, DPT-treated DCs exhibited greater antitumor activity in comparison to B16-TP-treated DCs and its administration as increased expression of MHC class I and II, as well as CD40, a molecule that interacts with T cells to promote DC maturation, were observed ([Fig. 6F](#F6){ref-type="fig"}). These data indicate that the enhanced antitumor effect of DPT-treated DCs may be involved in increasing the production of Th1 cytokines and CTL activity.

DISCUSSION
==========

This study demonstrates that DPT elicits a Th1 response by promoting Th1-related cytokine production, including IL-12 and IFN-γ, during DC maturation and activation. Moreover, DPT-treated DCs enhance priming of specific CTL activity, cytokine production, and the therapeutic efficacy of DC-based immunization against an established tumor *in vivo*. A variety of immunological strategies have been used to elicit strong antitumor effects in an attempt to reduce tumors ([@B8],[@B40],[@B41]). Among the various DC-based tumor therapies using specific genes with an antigen transfer system, DC-based immunotherapy focuses on the use of antigens for cytokines, chemokines, co-stimulatory molecules, and MHC class I ([@B42],[@B43]). Recently, many studies reported the efficacy of antitumor immunotherapy using antigen- or gene-specific pulsed DCs ([@B44]). In addition, we and others have reported that bacterial proteins can induce antitumor activity by increasing DC maturation and CTL activity ([@B8],[@B45]).

In this study, we sought to determine whether DPT can elicit DC maturation as an effective adjuvant for DC-based tumor therapy and to evaluate the mechanism involved. We demonstrated that DPT treatment of DCs induced the expression of co-stimulatory molecules and IL-12 production in these cells, thereby inducing CD8^+^ T cell proliferation, IL-2 and IFN-γ production, as well as Th1-mediated immune responses. DCs maturation and IL-12 production was mediated by signaling through TLR4-mediated MAPK and NF-κB activation. Previous reports suggested that LPS-mediated induction of IL-12 in DCs is mediated by ERK1/2 and p38 ([@B46]), which has been linked to enhancement of IL-12 by DCs and ultimately a Th1 response ([@B47]). Our results indicate that DPT treatment induces p38 and ERK phosphorylation in DCs, and that induction of IL-12 stimulated IL-2 and IFN-γ production, and promoted a Th1-type response. These results are consistent with previous reports showing that enhancement of a Th1 immune response results in the suppressive effect of tumor-conditioned medium on IL-12 production by DCs ([@B48]). Recent studies have also demonstrated that in addition to IFN regulatory factor 5 and NF-κB, other pathways are critical for IL-12p70 production ([@B49]).

Generation of a specific CTL response by the immune system may provide a therapeutic approach to cancer. Recent papers have demonstrated that the cytotoxic T cell response can be bypassed by activation of DCs through expression of CD40 ([@B50]). DCs also function as a temporal bridge in that, once activated, they are conditioned to deliver a kill signal to CD8^+^ CTL. Several reports have implicated DCs in this model, suggesting that the activation state of DCs is more important than the help of CD4^+^ T cells ([@B50]). We developed an *in vivo* model of CTL activity against B16F10 melanoma to test the specific CTL priming capacity of differentially matured DCs. B16-TP-DPT-costimulated DCs induced CTL activity, whereas DPT-matured DCs significantly enhanced antitumor activity when compared to B16-TP-matured DCs. This activity is likely mediated through a T cell interaction molecule such as CD40 and MHC molecules on DCs. Generally, DCs are the exclusive APC capable of mediating capture of Ag from apoptotic cells of tumor for the generation of MHC I/peptide complexes, interaction with CD40 on DCs and CD40L on T cells, thus allowing for engagement of CD8^+^ T cells activation ([@B50]). T cell interaction molecules, including CD40, and MHC class I and II, are expressed at higher levels on DPT-stimulated DCs, allowing increased stimulation of CTL precursors *in vivo*. DPT-stimulated DCs can then produce more IL-12 and elicit IFN-γ production from T cells, thus expanding CTL.

Our results show that DPT-stimulated DCs injected into C57BL/6 tumor-implanted mice *in situ* can significantly inhibit tumor growth and prolong survival. Pathologic examination showed that significant tumor necrosis was present inside or around the tumor mass following administration of DPT-treated DCs. These data indicate that injection of DPT-treated DCs into tumor-implanted mice can induce potent antitumor effects.

In summary, our results demonstrate that effective DCs maturation and activation by DPT can produce several beneficial effects when administered as tumor therapy. These include polarization of tumor-reactive T cell responses toward a Th1 profile, increased survival rate and activation of CTL, and IFN-γ production, all of which work with the adaptive immune response in the polarization process. These findings also provide new insight into the immunopharmacology of DPT.
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![DPT is not cytotoxic to DCs. Chemical structures of deoxypodophyllotoxin (DPT) (A) On day 6, the cells were cultured under standard conditions for another 24 h in the presence of 1 nM to 1,000 nM DPT and harvested. The cells were gated on CD11c^+^ cells, and analyzed by 2-color flow cytometry using AnnexinV/PI staining kit \[H~2~O~2~ (200 µM positive control)\] (B) This result is representative of 3 experiments that gave similar results.](in-11-79-g001){#F1}

![DPT induces the expression of MHC class I and II, co-stimulatory molecules in a dose-dependent manners and decreased endocytic capacity in DCs. The DCs were cultured under standard conditions for 24 h in the presence of 1 to 100 nM DPT or 200 ng/ml LPS, harvested, and analyzed by 2-color cytometry. The cells were first gated on CD11c^+^. Medium represents the untreated control and LPS represents the positive control. DPT was added to the DCs for 24 h at concentrations of 1 to 100 nM (A) FITC-dextran uptake was analyzed by CD11c^+^-PE/dextran-FITC-positive cells using flow cytometry. DCs (1×10^5^ cells) were treated with DPT (100 nM) or LPS (200 ng/ml) for 24 h (B) Endocytic activity of the control was determined after incubation at 4℃. The numbers represent the percentage of FITC-dextran/CD11c^+^-PE double positive cells. Histogram of Fig. 2B was shown (thick line; endocytic activity control at 4℃, thin line: endocytic activity at 37℃).](in-11-79-g002){#F2}

![DPT induces the production of IL-12 through MAPK and NF-κB in DCs. DCs were generated by stimulating immature DCs with 1 to 100 nM DPT or 200 ng/ml LPS (Positive control) for 24 h. After 24 h, the production of IL-12 and IL-10 was measured by flow cytometry (A) Analysis of IL-12 p70 and IL-10 production by magnetic bead-purified DC (1×10^6^ cells) using ELISA. ^\*\*^p\<0.01 for a comparison with medium control (B) For MAPK and NF-κB activation analysis, DCs were pretreated with 100 nM DPT for 15, 30, and 45 min. The cell lysates were prepared and blotted with anti-phosho ERK1/2 and anti-phosho-p38 Ab. The nuclear extracts were blotted with anti-p65 Ab. The results are derived from 1 experiment with triplicate samples (C) DCs were pretreated with medium alone, LPS (positive control, 200 ng/ml), and DPT (100 nM) for 6 h. After 6 h, RNA was isolated and evaluated for TLR gene expression by quantitative real-time PCR. ^\*\*^p\<0.01 for a comparison with medium control (D). The expression level of TLR4 after 24 h by stimulation was measured by flow cytometry (E).](in-11-79-g003){#F3}

![DPT-treated DCs induced the differentiation of T cells to a Th1 response. CD8^+^ T cell proliferation was analyzed by flow cytometry and presented as the percentage of dividing cells. A negative control (CD8^+^ T cells in untreated DC alone), a specific Ag control (1 µM OVA~257-264~) and a positive control (CD8^+^ T cells in 200 ng/ml LPS) were created for each experiment (A) To analyze cytokine production, CD4^+^ T cells of DO11.10 Tg mice and CD8^+^ T cells of OT-1 Tg mice were co-cultured in medium, LPS, or DPT-treated DC with or without OVA at 1:10 DC/T cell ratio for 48 h. After 48 h of expansion, IFN-γ (B), IL-4 (C) and IL-2 (D) were measured by ELISA in culture supernatants. Data are the mean±S.D. of 4 independent experiments. ^\*\*^p\<0.01 for a comparison with medium control.](in-11-79-g004){#F4}

![DPT treatment of DCs increased expression of CCR7 and migration to DLN. DCs were treated with medium or DPT (100 nM) for 12 h. After 12 h, RNA was isolated and evaluated for CCR 7 (A) and CCR 3 (B) gene expression by quantitative real-time PCR. Fold differences compared with medium alone are depicted after normalization with the housekeeping gene. ^\*\*^p\<0.01 for a comparison with medium control. Fluorescence-activated cell sorter analysis was performed on cells from DLN isolated 24 h after subcutaneous injection of DCs alone, B16-TP-DCs, and DPT treated DCs with 1×10^6^ cells, bead-purified, CFSE-labeled CD11c^+^ DC. The incidence of labeled DC migration to DLN was expressed as a percent of fluorescent cells (C) This result is representative of 3 experiments that gave similar results. ^\*\*^p\<0.01 for a comparison with DC alone.](in-11-79-g005){#F5}

![DPT-DCs enhance anti-tumor therapeutic efficacy. C57BL/6 mice were injected subcutaneously with 1×10^5^ B16F10 cells on day 0. The tumor-implanted C57BL/6 mice were divided into 4 groups (each group containing 10 mice) and injected in situ with DCs alone (◆), B16-TP-DCs (□), DPT-DCs (○), and HBSS (█), respectively. Injection of 1×10^6^ purified DCs/0.2 ml was performed on day 3, 7, and 14. The length and width of the tumor mass were measured with calipers at 3, 7, 14, and 28 days. Tumor-implanted mice in each group were observed for survival time (A) Inhibition of tumor growth in melanoma-implanted C57BL/6 mice by therapy group (B) Splenic lymphocyte isolation from killed tumor-implanted mice (n=5) 5 days after final injection with HBSS, purified DCs, B16-TP-DCs, and DPT-DCs co-cultured with inactivated B16F10 cells for 7 days in the presence of recombinant murine IL-12 (20 U/ml) and then collected as CTL effector cells and incubated at the indicated E:T ratio. CTL activity was determined by LDH release assay with a CytoTox 96 non-radioactive cytotoxicity assay kit (C). ELISA analysis of IFN-g (D) and IL-2 (E) in the supernatants of 2×10^6^/ml lymphocytes isolated at 5 days after the last injection and restimulated with inactivated B16F10 cells *in vitro* at a 10:1 ratio. The DCs were cultured under standard conditions for another 24 h in the presence of B16-TP or 100 nM DPT, harvested, and analyzed by 2-color cytometry (F). Data are representative of 3 independent experiments. Mice were monitored for tumor growth and survival. (^\*^p\<0.05, ^\*\*^p\<0.01, DPT-DCs vs. HBSS).](in-11-79-g006){#F6}
